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SECTION  I 

INTRODUCTION  AND  BACKGROUND 


This  report  describes  work  performed  on  a continuing  program  of  investiga- 
tions of  the  interaction  of  high  power  pulsed  CO^  laser  radiation  with  targiA 
materials.  Tliis  program  has  as  its  goal  to  develop  an  understanding  of  the 
coupling  of  laser  energy  into  materials.  An  accurate  description  of  tlie 
physics  of  this  interaction  is  ncmc'ssary  to  ('valuate  applications  of  liigh 
pow(?r  CO.,  lasers.  In  this  work  we  have  dc'vr.'loped  quantitative  data  on  the 
interaction  of  the  high  power  laser  beam  in  a rr'gime  of  laser  parameters 
which  previously  had  not  been  well  explored.  Using  the  quantitative  mea- 
sureiTumts  as  a base,  we  have  provided  physical  modeling  of  the  interaction 
processes. 

f’or  our  work  wo  use  a pulsed  CO.,  TEA  laser  operating  at  a wavelength  of 
10.  fl  pm.  The  laser  emits  pulses  with  peak  power  up  to  10  megawatts,  which 
can  lead  to  a power  density  at  the  target  of  up  to  10  w/c;m“  m the  focal  spot. 
Th('  pulse  shape  can  Ix'  varied  by  changing  the  gas  ntix  When  the  gas  mix 
is  deficient  in  niti’ogeii,  the  output  i.'^  a single  spike  of  half  width  100  nano- 
seconds. When  nitrogmi  is  added  to  the  gas  mix,  a longer  lower-power  tail 
of  duration  several  microseconds  is  present,  in  addition  to  th(>  initial  short 
spikc'.  The  initial  spike  is  unchanged  in  anifilitude  and  cluration  when  nitro- 
g('n  is  added.  Throughout  this  report  we  shall  characterize  measuramients 
as  being  taken  with  "nitrogen  off"  or  "nitrogen  on"  to  describe  these  two 
diffenmt  pulse  shapes. 

Work  carried  out  in  earlier  poi’tions  of  this  program  has  been  di’Scrilu'd  in 
(1  ) 

previous  reports.  To  make  th(>  prc'sent  report  reasonably  S(df- 

contained  and  to  sfiow  tfie  ndationship  of  th(>  currently  reporterl  wor-k  to 
(irevious  work,  wv  shall  briefly  describe  this  background  of  previous  expi'i'i- 
mental  investigations  .Spc'cific  measurement  tasks  ha\u'  included: 

I 


Measuring  the  impulse  delivered  to  target  materials  by  the 
focussed  laser  pulse.  This  part  of  the  work  used  a linear- 
velocity  transducer  to  measure  the  motion  of  the  entii-e 
target  when  it  was  struck  by  the  laser.  Measurements  were 
obtained  as  a function  of  target  material,  ambient  air  pres- 
sure, target  diameter  and  laser  power  density.  The  im- 
pulse decreases  with  decreasing  air  pressure  down  to  about 
10  torr.  For  pressures  below  10  torr,  a small  residual 
component  of  impulse  is  still  present  because  of  target  r(>- 
coil  from  vaporized  material.  This  value  is  approximately 
0.4  dyne-second  Atone  atmosphere  pressure,  the  quanti- 
tative value  of  the  impulse  is  approximately  5-10  dyne- 
second.  The  results  are  interpreted  successfully  by  a 
model  in  which  the  kindling  of  the  laser-supported  absorp- 
tion wave  above  the  surface  is  responsible-  for  the  observed 
impulse.  Complete  results  of  this  task  have  been  reported 
in  a previous  report^"'  and  in  a published  paper^“^^ 

Measuring  the  reflectivity  of  the  target  surface  as  a function 
of  time  during  iri'adiation.  These  measurements  can  be  use- 
ful in  dc-tt'rmining  coupling  of  the  laser  energy  to  the  target 
The  specular  reflectivity  is  probed  by  a beam  from  a con- 
tinuous laser-.  Thi*  temporal  variation  of  light  specularly 
rellc;cted  from  the  area  struck  by  the  TKA  laser  pulse  yields 
the  time-resolved  specular  reflectivity.  For  the  probing 
laser  wo  used  both  a low  power  helium-neon  laser  and  also 
a continuous  CO^  laser  with  wavelength  controlled  by  an 
internal  grating.  This  probing  laser  was  tuned  to  a v/ave- 
length  of  P.  fi  gm.  so  that  filtering  could  be  used  to  distin- 
guish between  probe  light  and  light  scattr-red  out  of  the  TFA 
laser  beam.  The  temporal  variatirrn  of  tin-  specular  reflec- 
tivity was  measured  as  a function  of  ambient  air  pressure, 


TKA  laser  power  density,  pulse  shape  and  accumulat'd  num- 
ber of  pulses  on  the  same  area.  Measurements  as  a function 
of  ambit'nt  air  pressure  indicate  that  the  change  du(>  to  a singh' 
laser  shot  is  smaller  at  higher  value's  of  the  ambient  air  pres- 
sure', indicating  tlie  e'ffeed  e>f  the'  laser-suppe)rtcd  absejrptiem 
wave  in  shielding  the  target  surface.  Results  at  the  twe>  differ- 
ent probing  laser  wavelengths  have  been  useful  in  distinguish- 
ing the  me'chanisms  by  which  the  surface  reflectivity  is  cliangeei. 
(Quantitative  ek'scriptieins  of  these  re'sults  have'  iieen  given  in 

(•)  3)  (3) 

pre'vious  repemts  and  in  a published  pape?r. 

Measuring  llie  ion  e'lUTgy  spi'ctrum  in  llie  hlowoff  maleriaj  with 

a lime- of- fliahl  mass  .■'jU'ct  rome1 1' r.  I’lwi  ious  repoft.-  Iia\ e 

desiTiiied  this  speet ronu'te r and  our  unique  method  of  data  ro- 
ll ’) 

eluction.  ' " \\v  ha\  e also  presented  data  for  the  tint e- resolved 

spectrum  of  ions  emilteel  from  a number  ol'  diffi'rent  t,\|)e.-s  of 
targets.  'l  iu'Se  rt'sults  ,tre  inifiortanl  for  understanding  llie 
coupling  of  laser-  enei'a>  inlo  the  hlowoff  nutlerial,  VV  e ihtamed 
the  total  energy  eonlenl  of  the  hlowoff  material  as  being  a few 
percent  of  the  incident  lasio-  i-iiergy. 

Measuring  the  pri'ssuri'  piilsi'  coupled  into  the  targi't.^'^^  In 
this  ('ffort  we  measuri'd  the  dynamic  response'  of  the  target 
surfaci';  this  yii'lded  the  di'tails  of  the  temporal  devi'lopment 
of  the  pressuri'  pulsi'.  This  is  dotu'  thi'ough  interferometric 
mc'asurements  of  the  motion  of  the  back  surface  of  the  targi't, 
using  a helium-neon  Insi'i-  and  a displaci'ment  inti'rfor-ometi'r , 
in  which  the  back  surface  of  the  targi't  forms  one  of  the  inter- 
ferometer miri'ors.  At  the  end  of  the  last  rc'port  period  we 
had  measuri'd  the  response  of  stainless  steel  targets,  obtain- 
ing peak  pressures  of  the  order  of  100  bars  for  laser  power 
dc'nsitii'S  around  d x 10**  w/cm“. 


:■! 
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In  this  I'oport,  wo  will  discuss  nioasuromonts  which  have  oxtond(.*d  ant]  built 
upon  th«>so  previous  results.  Much  of  this  current  work  has  been  devoted  to 
measuring  pressure  pulses  under  a variety  of  conditions.  Thus,  we  will 
describe  measuring  the  magnitude  of  the  pressure  pulse  as  a function  of  a 
number  of  th('  variable  parameters  of  irradiation,  and  coinpare  the  results 
to  a model  ot  the  physical  processes  which  was  describt'd  in  a pr-evious 
report  and  which  has  been  ('xtended  to  include  th(>  variation  of  amliient 
air  pressure  These  measurements  are  di'scribed  in  d(>tail  in  Section  11. 

In  addition  \w  hav('  pei’tormed  measurements  t(.>  charactei  i/e  the  surface  of 
the  targets  which  are  irradiated.  These  experiments,  which  involve  both 
.Auger  spectroscopy  and  seattm-ing  mc.i.snrements , arc'  describi'd  in  Sc'ction 
III, 

Section  I\'^  prc'Sents  additional  analvsis  ot  the  ri'sults  obtainc'd  ITom  the  timc'- 
('l-tlight  s pi' c tro m (' t e 1' , in  ordi'f  to  obtain  Iho  \'ari,itjon  of  the  amount  of 
eni'rgy  coupled  into  the  blowoll  matoiu.al  with  baser  powi'r  density. 

In  Section  \ , wi'  discuss  planned  oxti  nsii'n  o;  the  ndli'ctivitv  work  to  involve 
measurement  of  time-ri'solved  diffuse  lefbetivitv  from  laser- i rradiated 
sui’taees.  We  shall  abso  discuss  tlic  const riudion  of  equipnient  for  these 
measi  remi'nts . 


SECTION  II 

AIEASUREMENT  OF  PRESSURIC  PUI.SIOS 


A majo;.’  portion  oftln'  ciin-ont  offort  has  boon  d('votod  to  measuring  the 
pressure'  pulses  delivt'fed  to  various  targc'ts  under  varying  conflitions  of 
laser  ii  radiation.  Tliis  work  lias  involved  measuring  the  prc'ssure  as  a 
function  of  amliient  air  pressure,  laser  power  density.  lase*r  pulse  shape, 
and  intei’pulse  time'  feir  twei  successive'  lase'r  pulses. 

The  expcrimemtal  arrange?me'nt  was  eiescri hoeJ  preivieiusly.  hut  for  purpose's 
eif  comtile'teness  vvx'  shall  repeat  tlie  de'seriptiem  here  The  inte-rferometric 
arrangement  is  shown  in  Figure  Il-l.  The'  TEA  laser  pulse  is  feicussed  on 
the  freint  surface*  eif  tlie*  target.  The*  re'sulting  laser- supporteid  ahseirjjtion 
wave'  preuluce'S  a pressuie*  pulse*  whicli  |)re>pagat('S  into  tlie*  targe't  as  a sheick 
fremt.  VVhe'n  the*  sheick  fremt  I'e'aches  the*  rear'  surface*  of  the  target,  it  is 
reflecte-d.  The*  rear  surface  move's  in  re'sponse  tei  the*  re'flectiein  eif  the  shock 
front.  The*  meitiem  is  me'asure'ei  liy  determining  tfie  velocity  eif  the  fringes  in 
the  inte  rfe'reimete'r . feir  which  the*  rear  sur-face*  of  tlie*  targe't  ser'ves  as  eme* 
eif  the  fiirreirs.  The  re*ar  surface*  is  peilishcd  tei  a spe'cularly  re-flecting 
finish. 

The?  helium-neon  lase'r  is  a Spe'ctra- Physics  Moeiel  120  laser,  which  has  an 
output  eif  h iriilliwatts  eiistrihute'ei  amemg  sevei'al  longitudinal  meides.  He*- 
eiause*  the*  path  eiiffe'rence'S  in  the*  two  arms  eif  the*  inte*rfe' rome''te'r  can  he' 
rnatche'ei  eilose-ly.  it  is  rieit  ne'cessai-y  tei  e'lnpleiy  a single'-fi'e'quency  helium- 
ne'on  laser.  The*  detector  is  a Fnite.'d  Dete-ctor  Te'chnedeigy  PlN'-lll)  de'te'ctor. 
a planar  diffused  silice^n  pheiteielieide*  with  a queite'l  I'esponse  time*  of  Pi  nanei- 
seconds.  This  small-area,  high-fi-e'quene'v  diorle  has  a rise  time  limiteel  hy 
the  carrier  lifetime;,  because  it  ope-rates  as  a curre'nt  ge'nerateir  The 
diverging  lens,  E,^ , is  adjusted  sei  that  one  fringe*  e;f  the  interference  pattern 
falls  across  the  diode  aperture  to  nia.'cimize  the  siqnal  leve'l.  When  tlie  reu  ■ 


FTT 
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l-'imirf  U- 1 . lute rfc roniL't r'ic:  arfangemenl  fur  tiiea.su rin{>  free  surface 
\-elocit_\'.  The  TI-.A  laser  beam  is  incident  from  the  left. 
J.j  IS  the  lens  wlucli  focuses  the  lusio'  beam  on  the  target 
T . Tlie  lieliLim-neon  laser  beam  passes  llirouiili  lieam 
s|)lilter  M.  Tlie  two  mirrors  in  the  Michelson  intcrfert)- 
met,er  are  indicated  as  tlie  mirror  M and  the  rear  surface 
of  the  tarfiet  T.  The  Urns  I .o  diieraes  ttie  beam  so  that 
one  fringe  falls  on  the  aperture  of  the  detector  1). 


surfacf'  of  tho  tar'gc't  movi.'S  by  one- half  t,hi>  wavoU'ngth  of  the  helium-noon 
laser  light,  one  compU;te  fringe  in  file  int('rfer(>nce  pattern  will  move  across 
the  face  of  the  detector,  yielding  an  aniplitudc>  mtidulated  output  signal  Thf' 
target  surface  velocity  can  In-  determined  from  th('  speed  of  the  amplitude' 
modulation  of  the  frdnges  as  se'nse'd  by  ttie  detector.  Tfie  components  are? 
menmte'd  on  micr‘e)mete'i'  driveai  ]5e'eic>stals  This  alleiws  pre)thng  e>f  the  sur- 
face* meitie^n  as  a functiem  of  transvei'se  f)e)sition  on  the  targe't,  and  also 
alleiws  prosentatiem  e>f  fresh  areas  fe)r  lieam  irradiation.  The  fre*qviency 
re'spemse  e>f  the  de'ti-cteir  is  suffi  cit'ntly  high  te>  re'Seilve  the'  meetiein  of  the' 
fringe's  pr’eiduced  by  the'  targe't  motieui. 

lle'cause)  file'  i nte-r acti e>r . t^eopagation,  and  attenuatiem  eif  the  pressure'  pulse 
occurs  in  a micreise'cond  time'  frame,  leiw-f reqiU'ncy  motie)n  eh'  the  fr'ingos 
produce'd  l-jy  factors  such  as  iniilding  vitiratieen  de>  not  infUu'nce  the  re'sults 

During  the'  curre’iit  re-peirt  pe'rieeei.  tile-  appai-atus  was  moelifie-d  to  allow 
irr-adiatiem  eind  me'asur-erTU'nt  in  vacuutn  In  this  format  the  target  is  en- 
cle)sed  in  a bell  jar,  .An  Ir-fran  II  windeew  aeltiiits  tlie  TK.A  laser-  beanr  and  a 
glass  window  admits  the'  helium-ne'em  l)e'am.  The'  e'ntire*  liell  jar  can  be* 
evacuated  to  a minimum  pr'e'ssure*  ol'  '-0,01  teirr.  Mrie'flv.  tile’  me'asure*- 
me-nts  m;ie|e'  us  a functie)n  eh'  ambie'ut  air  pressure*  shev.v,  in  gene'r-al,  that 
the'  pre'ssure'  de.'cre'nses  with  de'creasing  air  pre-ssure.  elown  te>  appre)\-imately 
10  teirr.  He'low  10  torr-.  he)weve'r,  the'  pre'ssure'  reache'S  a minimuni  value 
wiiie.ti  eloe's  neit  cheinge'  significantly  eive-r  the'  range'  0.  01  tee  10  teirr 

Figure'  II-2  pre'se'nts  data  fr-eem  a me'asure'me'nt  maeie  as  a function  e>f  ambie’nt 

B '1 

air  pr-e'ssure'  fe>r  a laser  penver  de'n.sity  eif  appr-oximatt'ly  1 . 2 f>  x 10  w/cm". 
Tins  illustrates  the  ge'neral  featur-c'S  de'sci-iheel  abeivc.  The  results  are  for 
an  aluminum  2017  samfile*,  eif  thickness  0.02  0 inch  Data  are  shown  feir  twei 
eliffe're'rit  pulse  sha|)e'S,  eicneh.e-'d  nitreigen  ein  and  nitr-eigen  eiff  As  descrilie'd 
in  Se'ctiein  I nitreige'ii  eiff  re'fe'rs  to  a sliort  pulse  eif  half  wielth  100  naneise'cemds . 
Witit  nitreige'ti  on,  the*  initial  spike*  is  unchange'd.  hut  a longe'r,  leiwer--peiwe r- 
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tail  witii  duration  of  si'Vf'ral  microseconds  is  also  present,  and  the  ervergy 
in  the  pulse  is  increased  by  a factor  ar'ound  3.  Tlie  additional  energy  de- 
livered by  the  tail  increases  the  peak  pressure,  at  least  at  values  of  air 
pressure  above  10  torr.  At  1 atmosphere  pressure  th(>  incrc‘as(‘  is  approxi- 
mately a factor  of  2.  This  implie's  that  the  absorption  of  the  en<>rgy  in  the 
laser-supported  absorption  wave  is  eftectivc'  in  coupling  a larg('r  pressure 
pulse  into  the  target  mati'rial.  TheS(>  results  are  consistent  with  earli(>r 
results  on  the  impulse  (Udiver-ed  by  laser  pulsc's  with  tlu'se  same  shapes 
At  yalues  of  ambient  prc'ssure  below  10  torr.  there  is  little  diffei-i>nce 
between  t’le  two  pulsc'  shapes.  The  additional  (mergy  delivered  at  lower- 
power  is  ineffc'Ctive  in  [rr-oducing  incr-eased  prc'ssure  in  this  regime  where' 
thi'  las('r-support(’d  absorption  wave  is  not  pr-esent 

Th(’  decri‘as('  with  de-creasing  ambient  air  pr-e'ssur-e  ends  near-  10  torr.  near 
the  same  v-alue  at  which  the  laser-support('d  absorption  wave  has  diminished 
This  also  illustrates  the'  role  of  the  laser--supf)or1ed  absorption  wave'  in 
producing  the*  erVrse'i-ve'el  r-esults 

Data  on  the-  sherck  pre-ssure'  as  a funotie)n  of  lase-r-  frowe-r  elensity  are  giv'en  in 

I 'igiir-e  11-3.  fo;-  seve-ral  conditions  e>f  i r-radi ation.  The-  thr-e'shold  ne>ar 
H 

0 4x10  w/cm"  ce)r  i-e-s[)onels  ter  the  thr-e'shold  for  ignitiem  of  tlu'  laser- 
sup|)e)rte'eJ  abseirptiem  waye  The-  ele'eT'e-ase-  in  the-  shoc:k  [ji-e-ssur'e'  as  the' 
niti'eigen  in  the'  lase-r-  is  tiir-m  el  off  or  as  the  ambie-nt  air  prerssure'  nrerund  the' 
target  is  de'cre-aseel  is  cle-ar-  fi-e)m  the-se  re'sults. 


In  a'leJitie)!!.  eiata  has  be-e'n  erbtaineel  ;it  constant  laser  power  but  with  variable- 
lasem  focal  diame;te.'r-.  by  changing  the'  distance  freim  the-  focussing  e)ptics  to 
the  target.  The  eiata  pre.-i'iited  in  figure  il-3  we'i'e  obtained  ..I  constant 
focal  conditions  liul  with  vanalrh'  laser  power.  The  results  .or  variable 
sfioi  eiiameter  are  shown  in  figure  11-4.  These  eiata  were'  obtained  in  order 
to  Ua V e-  availalile  scaling  relations  tiy  whicli  the  current  results  could  be 
used  to  fireelict  results  of  irradiaiion  ol  large'r  areas,  and  also  to  compare'  to 
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ON,  750  TORR 
ON,  100  TORR 


I'uiK  •!  )I1  of  laStT  poUtM 
1 fi-adiatCLi  under 


predictions  of  the  physical  modeling  of  the  processes.  In  this  figure  it  can  be 
noted  that  the  pressure  decreases  with  increasing  spot  diameter  and  hence 
with  decreasing  laser  power  density.  A curve  indicating  an  inverse  square 
dependence  on  the  spot  diameter  is  sketched  in.  The  curve  is  normalized 
so  as  to  pass  through  the  points  representing  the  condition  of  best  focus.  We 
will  return  to  a discussion  of  this  curve  later. 


It  should  be  noted  that  the  irradiation  results  deptmd  on  whether  the  lens  lies 
inside  the  position  of  best  focus  (i.  e.  , closer  to  the  target)  or  outside  the 
position  of  the  best  focus. 

Th('  qualitative  form  of  this  variation  may  be  understood  by  considering  that 
when  thi'  lens  lies  outside  the  position  of  b(>st  focus,  the  expanding  blowoff 
material  is  movdng  into  a region  of  increasing  laser  power  density:  thus, 
there  is  more  absorption  of  enc'rgy  in  the  blowoff  and  tlun-efore  a higher 
pressure.  Whim  the  lens  is  inside  the  position  of  Ix'st  focus,  the  blowoff 
materia'  expands  into  a region  of  decr'easing  pow«'r  domsity;  hence  there  is 
loss  absorption  in  the  blowoff. 


\^'e  a>-e  i\ow  in  a position  to  investigate  the  scaling  relations,  based  on  the 
data  presented  in  figures  11-2,  11-2  and  11-4,  The  physical  modeling  of  the 
(irocess  leads  lo  sealing  laws  tor  the  dependence  of  the  fieak  shock  pressure 
on  the  parameters  of  the  ii-radiation.  Tlie  developmi'tU  of  the  model  was 
described  in  the  last  report.  The  model  yields  a dependence  of  the  form: 


P a P 


0.  61 


o s 


where  P is  the  peak  shock  pressure,  P^^  the  ambient  air  pressure,  P^^  is 
the  laser  power  density  and  r^  is  the  focal  spot  diameter.  Tliis  scaling  would 
be  valid  for  ambient  air  pressuri's  in  the  region  above  10  torr,  where  the 
laser-supported  absorption  wave  is  the  dominant  factor  producing  the 
oliserved  n.nsults.  A least  squares  power  law  fit  to  tlie  experimimtal  results 
indic;ates  scaling  as; 
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I This  scaling  holds  for  values  of  pressure  above  10  lorr  and  for  laser  fiower 

8 ’ 

I densilv  abo\e  a tliresliold  level  nf  approximatels  0.4  x 10  v\/i  in".  The  curve 

showing  variation  with  tlie  inversi-  si|uare  of  the  focal  spot  diameter  has  al- 
ready been  sketched  in  Figure  11-4,  normalized  to  [lass  through  the  [loints  of 
best  focus.  It  fits  the  data  obt.iineil  when  tlie  lens  is  inside  the  best  focus 
reasonably  well.  I'hus  Uu‘  model  does  prediih  results  whicli  are  i-easonably 
cajmpatif)le  with  the  experr'iental  data.  Fstablishing  scaling  laws  such  as  i 

these  is  an  important  part  of  this  work,  because  it  provides  tlie  capability  of 
scaling  our  results  to  other  conditions  of  laser  irradiation. 

To  determuu'  the  effect  of  a finite  target  thickness,  we  measured  shock  pres- 
sure a>  a fuiuMion  of  tliii'kness  for  s'arious  aluminum  targets.  This  was  done 
: to  determine  the  possible  attenuation  of  tlie  pressure  pulse  that  occurs  as  it  i 

' passes  tiirough  tlie  material.  I'igure  11-5  illustrates  the  results  for  three  dif-  j 

fereiit  tliicknesses  of  2017  aluminum,  0.025,  0.05  and  0.2  inches.  The  re- 
sults show  that  the  peak  obsetwed  pressure  decreases  with  increasing  target 
thickness.  lliis  was  expected,  because  of  attenuation  of  the  shock  front  as  it 
jiassed  througli  tlie  material.  In  aildition,  as  tlie  target  thickness  becomes 
greater  than  the  laser  focal  spot  diameter,  approximately  0.04  inch,  the  pro- 
pagation of  the  shock  front  can  no  longer  be  considered  one-dimensional. 

Attenuation  through  radial  expansion  will  also  occur.  .A  linear  extrapolation 
through  the  2 points  of  smallest  tliii  kness  indicates  that  at  the  surface  the 
peak  iiressure  may  exceed  100  bars.  If  the  dependence  on  thickness  is  greater 
than  linear,  the  [iressure  at  the  surface  will  be  somewhat  higher. 

liata  for  titanium  alloy  (4%  aluminum,  4%  manganese)  targets  0.05-inch  thick 
I are  shown  in  Figures  il-ti  and  11-7.  Figur'e  11-6  shows  the  data  for  shock  pres- 

sure as  a function  of  ambient  air  pressure  under  various  conditions  of  irrad- 
I lation.  The  results  are  qualitatively  similar  to  those  obtained  pr-eviously. 

\ I lie.y  show  a similar  decrease  of  shock  pressure  with  decreasing  arnbient  air 
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PEAK  f^ESSURE 
(BArS) 


f'igure  II-5.  Peak  shock  pressufe  as  a function  of  target  thickness  for  an 

8 2 

aluminum  target  irradiated  at  1.  16  x 10  w/cm  . 


F'igure  11-6.  Peak  sliuck  [ire.st5Ufe  vet  sus  ambietit  air  for  a titanium 

target,  irradiated  under  the  indicated  condition.s. 


Figure  11-7.  Peak  shock  pressure  as  a function  of  laser  power  density  for  a 
titanium  target,  irradiated  at  1 atmosphere  ambient  pressure. 


pressure.  The  air  pressure  below  whieli  constant  shock  pressures  are  ob- 
served is  25  tori',  somewhat  higher  than  in  the  case  of  aluminum.  In  addi- 
tion, the  minimum  value  at  low  pressures  is  lower  by  a tai  tor  of  approxi- 
mately- 5 than  the  corresponding  ^■alue  for  aluminum.  Tliis  indicates  that  at 
tlie  indicated  laser  power  densities,  less  titanium  is  eva))orated  than 
aluminum . 

The  \-a  nation  of  shoi-k  pressure  w itli  laser  power  density  for  the  titanium 
target  is  shown  in  Kigur'e  11-7,  for  an  ambient  air  pressure  of  1 atmosphere. 

To  compare  different  materials  on  a consistent  basis.  Talile  II- 1 presents 

data  for  all  the  metallic  materials  for  wliich  pressure  has  beim  measur'ed, 
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reduced  to  a constant  vahu‘  of  laser  power  density  of  1.2  x 10  w/cm”. 

Values  htid  binm  obtain'd  for  thi-ee  diffi*rent  thicknesses  of  aluminum  targets 
as  indicated.  The  zi'ro  thickni'ss  value  is  the  extrapolated  value  as  discussed 
above.  The  value  for  stainless  steel  in  a 0 043-inch  thick  sample  was  de- 
rived from  data  [iresented  i-a rl it' r^ These  results  are  all  for  irradiation 
at  one  atmosphere  ambient  pressure.  We  observe'  tliat  tht'  values  do  not  vary 
gi't'atlv  l)etw('('ti  different  matt'rials  undt'r  comparable'  ceinditiems  of  irradia- 
tieni.  ineJicating  emce'  again  the'  elominant  reile'  of  the  laser-suppeirted  absorp- 
tiein  wave  in  |)reKlucing  the'  shocks. 

Table'  11-1.  Value's  of  Pt'ak  Pressure  (liars) 

(1.2  X 1 cm2 ) 


1 Material 

Thickness 

1 

1 

0 

0.  02  5 in 

0.  043  in. 

0.  050  in. 

0.  2 in.  i 

1 

' ,‘Muminum 
1 

1 12  ■ 

!'0 

04 

(i  0 ] 

Stainless 

70 

Steel 

j Titanium 

0 8 

■'M'lxtrapolate'd  j 
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We  liave  obtained  some  preliniinar-y  nesuits  on  tlie  effect  of  interpuise  time  for 
two  successive  laser  pulses  delivered  to  tlie  same  area.  I'igure  11-8  illus- 
trates some  results  for  a titanium  tarj;et  irradiated  at  1 atmosphere  pressure. 
What  is  plotted  is  the  ratio  of  tlie  peak  pressure  produced  by  the  sei:ond  pulse 
to  the  peak  pressure  produced  by  the  first  pulse,  in  a series  of  two  pulses. 

We  liad  pre\  iously  obseta  ed  that  the  pressure  [iroduced  when  a second  [lulse 
was  incident  on  a previously  iri'adiated  area  did  tiot  \ ary  sifjnificantly  from 
the  pressure  produced  by  the  first  pulse,  for  lone  interpulse  times. 

I'or-  these  data  the  [lulse  heiglits  of  the  two  laser  jiulses  were  monitored,  to 
assure  that  the  second  laser  pulse  delivered  the  same  power  as  the  fii-st. 

Only  data  satisfying  tins  condition  were  accejited. 

In  we  see  that  for  interpulse  times  ^reatet  than  one  second,  tlie 

[leak  pi-essure  is  essentially  the  same  for  each  member  of  a given  jiair  of 
pulses.  This  is  true  to  within  a few  percent,  which  is  within  tlie  range  of  our 
eNperimenfal  uncertaint  ies. 

l■■or  intertnilse  times  less  than  one  second,  the  [leak  pressure  due  to  tlie  sec- 
ond pulse  becomes  less  than  the  peak  pressure  due  to  the  first  fiulse.  for  an 
interpulse  time  of  MO  milliseconds,  the  pressure  due  to  tlie  second  pulse  is 
reduced  to  about  85  percent  of  that  due  to  the  first  pulse.  This  decrease  con- 
tinues down  to  the  70  millisecond  regime,  where  the  ratio  is  55  percent.  The 
minimum  interpulse  time  that  could  be  obtained  for  two  etpial  iiulses  was  70 
milliseconds,  when  these  data  were  obtained.  Only  one  pair  of  pulses  could 
tie  obtaineil  with  this  separation,  so  the  e.xact  form  of  the  curve  in  this  region 
IS  not  certain.  It  does  appear  definite  that  the  pressure  in  the  second  pulse 
continues  to  decrease  to  tlie  lower  liniit  of  interpulse  time  achievable. 

lliis  lower  limit  was  set  by  the  stability  of  the  laser  discharge.  With  tlie 
available  laser  it  was  not  possible  to  penetrate  to  shorter  interpulse  times. 
I'rom  the  form  of  the  data  in  figure  11-8,  it  seems  that  further  reduction  of 


the  inteipulse  time  would  be  desirable,  since  the  effect  was  still  changin^i 
rapidly  at  oui-  lower  liniit.  This  will  be  one  of  the  firime  objectives  in  our 
contitiued  work.  We  will  obtain  a second  CO.^  ThA  laser  on  loan  and  will 
[lulse  the  two  lasers  separately.  Thus  we  will  be  able  to  obtain  interpulse 
times  in  the  submillisecond  region. 


The  results  in  Figure  IT- 8 are  somewhat  difficult  to  reconcile  with  tlie  re- 
sults of  other  workers,  who  measured  the  total  impulse  delivered  to  lead  tar- 
gets by  two  laser  pulses  in  sequence^'^^  In  this  work,  a maximum  in  the 
total  impulse  was  observed  at  an  interpulse  time  between  ID  ' and  10  sec- 
onds. The  resolution  of  this  apparent  discrepancy  must  await  the  extension 
of  our  work  into  the  time  regime  less  than  on'  millisecond. 
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.According  to  one  treatment  of  laser- induced  shock'  , the  shock  pressure 
should  vary  with  the  nature  of  the  ambient  gas.  Tlu'  variation  was  predicted 
to  be  of  the  form; 
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where  P i.-^  tlie  .'^liock  |)re.'sure,  vis  tile  ratio  of  the  s[)ccific  heals  of  the 
[larticular  gas  and  .'  is  the  density  of  the  gas. 


We  investigated  the  effect  of  changing  the  ambient  gas  to  argon  or  iK’lium. 
insti'ad  ot  air.  Hesult.s  ai'e  presmited  in  Table  11-2.  This  table  presimts 
data  tor  thi'  ratio  of  the  peak  pressure  observed  in  the  specified  gas  to  the 
peak  pressure  observed  in  air  The  first  column  lists  the  gases  for  which 
the  ratio  is  relevant  Tlie  second  colunin  gives  the  vahu'S  calculated  from 
th(’  abovi'  equation  'I'hc  third  column  gives  the  measured  value  for  the 
ratios.  .All  numbers  are  relevant  to  one  atmosphere  prc'ssure.  The  observ- 
ed results  were  obtained  by  evacuating  the  bell  jar  and  then  backfilling  to 
one  atmosphere  with  I'ither  argon  nr  helium.  Tlie  general  variation  of  the 
ratio  with  the  arnbii-nt  gas  is  as  (-xpected.  although  thi'  observed  values  are 
somewhat  lower  than  the  calculated  values. 


Table  11-2.  Kalios  of  Peak  Pre.s.su fe.s  for  Ifradialiuii 
Lii  nifferent  .\.nibient  (ia.Mj.-^ 

Tkxpeeted  ()b.-;erved 

\alue  \alue 

.\r/Air  l.:i()  I.IM 

lle/Au-  O.bOl  0.+5 

(2) 

In  eon’ipa fi.ng  these  results  on  slioek  pressure  to  earlier  result.s  on  impulse, 
we  find  a reasonalile  consisteneN  in  the  orders  of  niafinilude.  In  the  wtirk  pre- 
sented liere,  at  one  atmosphere  ambient  ])ressure,  tlie  peak  slioek  pressure  is 

ft  2 

about  10  dMies/em”,  lasting  about  2 us,  overall  area  ot  around  U.Ulcm  . On 

tills  basis  one  would  expert  a total  un()ulse  around  2 d\ne-seeonu,  ui  I'eason- 

alile  aj^reement  with  tin-  appro.ximate  values  around  2 d>ne-seeond  obtained 

earlier  for  total  impulse,  in  vaeuum  (<10  'orr),  we  observed  a peak  shook 

pressure  arouiul  10‘  d,\ne/im“,  l.istine  aliout  2 us,  iveraiiarea  ofaround 

t).  01  tnn“,  leading  loan  expeeted  impulse  ai'ound  0.2  dyne- seeuiui.  This  eoni- 

pares  well  with  the  value  of  0.4  dxne-seeond  obseried  at  pivssures  below 

10  torr. 

Because  of  great  interest  in  alkali  halide  laser  wdndow  materials,  and  be- 
cause of  the  importance  of  high  resistance  to  damage  for  these  winfiows,  we 
measured  laser-induciMl  shock  pr'essuri'  in  potassium  chlorude,  a leading 
candidate  for  last'r  windows.  Potassium  chloride  is  nominally  transpai'ent 
at  10.  f)  pm.  but  it  is  subje-ct  to  catastrophic  damage  when  the  laser  power 
deiisi ty  becomt's  high  W'e  found  a coi-ridation  betwf'en  damage'  threshold  and 
shock  [iressure. 

To  obtain  data  with  this  transparent  material,  the  ri'ar  surface  of  the  target 

was  (lolisheel  and  vacuum  coated  with  gold  to  form  the  mirror  in  tlu'  inter- 

fei-fimeter.  Data  on  the  measured  pri'ssure  as  a function  of  time  for  a 
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potassium  chlontie  sample  irradiated  at  7.12  x 10  w/cm“  arc  shown  in 
figure  Il-h.  When  w('  compar-i'  thi'se  results  to  those'  obtained  wdth  me'tallic 
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suftnces,  w’v  tind  sevc’ral  ditlureiice.'-^.  !■  or  a coinpa.  ra.l)lc  it'vol  of  laser  power 
deasily,  ihe  peak  shook  jjressure  is  oonsiderably  lower  for  polassiuni  eliloride. 
Also,  tlie  duration  of  tlie  shock  is  longer,  bv  a factor  of  5.  Tiiese  differences 
may  be  due  to  differences  in  elastic  properties  for  the  differ-ont  types  of 
material.  The  alkali  halides  are  more  bi'ittU'  and  mor-e  subji'ct  to  damage 
by  fracture  than  art'  metals.  When  the  material  fr-acturi's.  the  amount  of 
t'nergy  dissipated  in  producing  the  fracture  is  no  longer  availabh*  for  the 
propagating  shock  front.  Tlu'  finiti'  tinu'  for  fracture  and  possibly  greater 
dispersion  for-  the  chock  yelocity  may  account  for  the  longi'r  temporal  dura- 
tion in  potassium  chloi-ide. 

I'Mgure  11-10  illustratt's  the  power  dept'ndenct'  of  tht'  shock  in  [lotassium 
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chloride.  There  is  a threshold  around  4 x 10  w/cm“,  below  wliich  the  shock 
prt'ssure  dt'crcases  to  a vc'ry  low  value,  Tliis  threshold  value  for  producing 
a sliock  coincides  with  tin  tlireshold  for’  igniting  a visible  spark  t.n  the'  sur- 
face. Tints  when  tlic'  lasei'-suptiorti'd  alisor-ption  wave  is  ignited,  tlie  pre'S- 
sure  that  it  transmits  into  the  mah'rial  is  high  enough  to  cause  damage  by 
f ractu  !•(' . 

Pliotogra|)hs  of  tlu'  damage'  producc'd  on  tht'  surface  of  potassium  chloride' 
targets  are  shown  in  Figures  11-11,  11-12  and  11-12.  Figure  11-11  shows 
damage'  e'bserveei  lu'ai’  tlu’t'sholel  This  thre'Sheilei  elamage'  takes  the'  for'm  eif 
eiracking  alemg  the  surface,  alemg  with  small  surface'  pits,  t5f’('sn''''>tihly  at  the 
site's  eif  surface'  impe' rfections . The  cracks  are'  initiated  at  the'  small  site's 
eif  mate' rial  r'e'meival. 

I'Mgure'  11-12  shows  heavy  damage  anel  mate'rial  re'mtrval  at  a level  well  abeive 
thre'shold.  The'  damage  takeis  the'  form  eif  a pit  with  benmelarie’S  feir  nu'd  by 
crystalline  cleavage'  planes  This  implie'S  that  laser--produced  shocks  prei- 
eluce'  fr-aeiture  along  crystalline  plane's,  feilleiwe'el  by  exinilsiem  eif  the  resulting 
rubble . 


PEAK  PRESSURE  ( BARS) 


I'iyure  11-10.  Peak  .^luji  k (H-cs.surc  as  a funelion  of  laser  power 
(lensitv  for  |)otassiuni  chloride. 
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I iaui-L’  ll-  11 


Sc.irimny  elect  fnri  m ic  rnscept'  photograph 
of  t hresliolh  damaf^e  ui  a potassLuni  ehlortde' 
lai-)^et.  UaL’iiil  lealioii  is  100\. 
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itiUiL'  11“  I.').  Scamiiiiy  cluiti’  )ii  in  I r roseopc  plu  it  1 rupli  iit'  ilcliiil 
I'l  IIk'  (lama,tie  produLcd  1)\  liic  impact  of  a laser 
pul.-ic  well  al)i)\e  the  fhreshi)I(J  Inr  ila.iuifie  on  a 
potassium  cliloride  tartlet.  Maymficat  ion  is  .o00\. 


I'igure  11-113  sliows  more  detail  for  a lieavil^-  damaged  region,  giving  a clear 
view  of  the  sliarp  edges  and  complicated  patterns  of  cracking  and  material 
removal. 

We  mentioned  above  that  the  threshold  for  surface  damage  of  a potassium 
chloride  sample  with  a gold- coated  rear  surface  was  around  4 x 10  w/cm  . 
This  is  a value  lower  than  that  observed  on  samples  with  no  coating.  We 
investigated  this  discrepancy,  with  results  as  presented  in  Table  11-3,  The 
first  column  of  numbers  gives  results  observed  for  damage  threshold  in 
potassium  chloride  samples  with  no  coating  on  the  rear  surface.  The  next 
column  gives  results  when  there  is  a gold  coating.  These  numbers  are  the 
values  for  threshold  specified  in  ternns  of  the  raw  incident  laser  power  den- 
sity They  are  systematically  lower  tlian  those  in  the  first  column,  by  more 
than  tile  experimental  uncertainty,  which  is  around  10  percent.  We  con- 
sidered the  possibility  that  light  reflected  from  the  gold-coated  rear  surface 
adds  to  the  incident  light,  so  as  to  increase  the'  effective  power  density. 

The’  beam  is  focussed  neai’  the  front  surface.  Tht'  lii'am  diverges  from  its 
focus,  travels  through  the  sample,  is  reflecterl  frfuii  the  rear  surface,  and 
trav(>rses  the  samph'  again  The  resultant  power  density  at  the  front  surface 
due  to  this  reflection  may  be  dei'ived  from  simpU'  geometrical  considerations. 
This  value  was  added  to  the'  incident  value  to  obtain  a corrimted  effective 
pow('r  density  at  the  front  surface.  The  numerical  results  are  presented  in 
the?  final  column  of  Tabb'  11-3.  They  agree  reasonably  well  with  the  numbers 
in  the  fir-st  column,  within  our  experimental  uncertainty  of  10  percent.  Thus 
the  apparently  anomulou.s  result  of  deert'ase'd  damage'  threshold  when  the' 
rear  surface  is  gold-coated  can  be*  interpreted  simply.  It  results  from  an 
increase  of  effective  power  density  through  light  reflected  from  the  coating. 
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Table  11-3.  Threshold  for  P'ront  Surface  Damage  on  KCl 


First  Shot 
at  Full  Power 

With  Pre- 
Conditioning 
at  IvOwer  Power 


No  Coating 
on  Rear 
Surface 

7 

5x10  w/cm“ 
1 , 2x10  w/cm 


All  Coating 
on  Rear 
Surface 

7 9 

3 . (ixl  0 w/  cm" 

7* 

h.  4x10  w/cm" 


Au  Coating 
on  Rear  Surface 
(corrected) 

5 OxlO^w/cm^ 

9.  Sxio"^  w/cm^ 


*Au  coating  partially  removed  dur-ing  pri'condi tioning 


We  also  studied  the  effect  of  pri'conditioning  the  potassium  cliloride  surface 
at  lower  values  ol  laser  power  density  Ottier  workers  have  found  that  this 
technique  increases  the  damage  throsliold^''\ 

The  technique  involves  firing  tlie  laser  a number  of  times  at  the  surface, 
at  values  below  the  damage  lliresliold.  Tlu'  power  is  incri'ased  gradually, 
until  the  damage  thresliold  is  i-eacheri  Th(>  values  obtained  in  this  way 
exceed  values  tound  whim  the  first  pulse  on  an  area  is  at  full  power. 

Our  measured  results  are  shown  in  the  bottom  row  of  Table  11-3.  The  effect 

is  clearly  demonstrated  These  results  agi-iH'  with  the  results  of  the  other 
(9) 

investigators  Also,  note  that  when  wi'  preconditioned  a target  with  a gold 
coating,  the  gohl  coating  was  paritally  damaged.  These  results,  marked  with 
an  asterisk,  must  be  considered  as  less  certain  than  the  other  values. 

These  results  are  consistent  with  the  phenomonology  obtained  from  Fig- 
ure 11-11,  which  shows  that  fracture  begins  at  the  sites  of  impurities.  If  the 
impurities  can  be  removi'd  at  relatively  low  power  density,  without  producing 
a shock  front  which  will  fracture  the  material,  the  damage  threshold  increases 
markedly. 
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These  results  are  of  considerable  interest,  because  of  the  importance  of 
alkali  halide  materials  as  windows  for  high  power  lasers  The  damage 
mechanism  for  failure  of  the  windows  at  high  laser  power  densities  is  demon 
strated  and  techniques  for  improving  the  damage  threshold  are  demonstrated 

The  results  described  in  this  section  have  been  accepted  for  presentation  at 
the  1977  lEEE/OSA  Conference  on  Laser  Engineering  and  Applications. 
Washington,  D.  C.  , June  1-3,  1977 


SIX'  I'lON  III 

sum-  An:  cii  AKAc  i’Kiaz a i'ion 

Wo  havo  usod  two  difforoat  toohnicjiU'S  to  charactorize  the  metallic  surfaces  of 
our  target  materials.  It  is  ijuportant  to  do  this  so  that  w('  can  effectively 
evaluate  th.'  role  played  by  the  partieular  surface  in  producing  the  observed 
results.  The  two  techniques  employed  were  (1)  Auger  spectroscopy  and  (2) 

(21  scattt'red  light  measurement  to  obtain  the  spectral  density  function  charac- 
teristic of  the  surface'. 

Auger  spect  roscopy  was  carried  out  with  a Physical  Electronics  Corporation 
Auger  microprobe,  located  at  the  I diversity  of  Minnesota  in  Alinneapolis. 

This  equipment  is  available  for  rental.  Eigures  III- 1 , 111-2  and  111-2  show 
profiles  for  stainless  steel  targe't  surfaces.  Eigure  111-1  is  for  an  unirradiated 
target  surface’.  figure'  111-2  is  for  a stainless  ste’el  surface  irradiated  in 
vacuum  (less  than  one  torrl  and  Eigure  111-2  is  for  a surface  irradiated  in  air. 
The  prese’nce  of  an  ovygen  layer  on  the  surface  is  apparent.  The  origin  of 
this  layer  is  uncertain,  bee’ause  the'  sample's  had  be'cn  exqiosed  to  air  betw'een 
itiadiation  anel  Auge^r  analysis.  Ve’verthele'ss  the  sample  irradiated  in  air 
showed  considerably  niore  oxygen,  e'xteneling  to  a greate'r  depth,  than  the  other 
samples.  The’  differe'nces  are  sufficiently  great  to  infer  that  this  is  caused  by 
oxidation  of  the-  surface'  during  the  pe’riod  that  it  is  hot  following  the  laser 
irradiation. 

Data  e>n  the  e’Stimate’d  ceimpe)sitie.)ns  e>f  the  stainless  stee’l  targc'ts  as  a functiem 
e)f  depth  are  given  in  Table  lll-l  These  results  are  eebtaincd  from  the  Auger 
analysis.  Altheuigh  Auge'r  spectr'ose'e)py  is  neit  a compU’telv'  quantitative 
te’chniquf'.  the’  results  at  de'pths  e>f  a fc'w  hunelre'ei  angstremi  units  art'  in 
re’asonable'  agie'e-me-nt  with  tie)minal  value's  feir  the’  different  cemsti tuents . 

This  implies  that  the’  numerical  values  in  Table  Ill-l  can  be’  interpreted  as 
reasf^nably  accurate’,  at  least  fe>r  the’  majeer-  ce>nsti tuents.  At  a depth  of 
appreexi mate’ly  400i  units,  the'  mate?rial  has  cemipositieen  similar  to  the' 
neeminal  ceempeesi tieen  and  e>xyge’n  has  decreased  tee  a few  percent. 
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0 100  200  DEPTH  (A“) 


I'igurc  IH-1.  Composition  as  a function  of  depth  for  a stainless  steel 
target  as  obtained  by  Auger  spectroscopy.  I'he  target 
had  not  been  laser  irradiated.  The  vertical  scale  is 
arbitrary. 


STAINLESS  STEEL 
IRRADIATED  IN  VACUUM 


Fe  (X2) 


Cr  (X2) 


Ni  (X2) 


0 (XI) 


100  200 


300  400  500 


DEPTH  (A  ) 


I'igu.-e  rir-2.  Composition  as  a function  of  depth  for  a stainless  steel 
target  as  obtained  by  Auger  si)ect roseopy.  I he  target 
had  been  laser  irradiat(>d  in  vacuum.  The  vertical  scale 
is  arbitrary. 
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STAINLESS  STEEL 


I'iguro  ni-S.  Coniposition  as  a function  of  depth  for  a stainless  steel 
tarfjet  as  obtained  by  Au^jer  spectroscopy.  I'he  target 
hafi  been  laser  irradiated  in  air.  The  vertical  scale  is 
arbitrary. 
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Table  III-l,  Compositions  (percent)  for  Stainless  Steel  Targets 


i 

i 


Unir  radi  ated 

Irradiated 
in  Vacuum 

1 eradiated 
in  Air- 

Ne)minal 

Depth  (A) 

0 

Ki7 

0 

438 

0 

371 

...  - 

Fe 

2 5 

()9 

14 

(i(i 

1 3 

70 

~70 

Cr 

7 

20 

(i 

18 

3 

2 5 

17-in 

Ni 

4.  5 

7.  5 

2 

5 

7.  5 

2 

7 5 

8-10 

C 

7 

1 5 

35 

3.  5 

2 5 

2.  5 

< 0 . 15 

O 

38 

1 

12 

3 

Off 

Scale 

- 

~0 

,-\l 

4 

~0 

~0 

-0 

~0 

~0 

-0 

One  important  conclusion  is  that  aluminum  is  prs’sent  on  the  outer  surface 
of  the  unirradiatt'd  samples.  It  is  not  detectable  on  the  surface  of  samples 
irradiated  either  in  vacuum  or  in  air.  It  is  not  prc'sent  at  a depth  of  IfiT.A 
in  the  unirradiated  sample  This  implic'S  that  surface  polishing,  which  was 
carried  nut  with  alumina,  for  samples  used  in  our-  ('arliei-  r-efk;cti vity  mea- 
suretru'nts,  did  leave  a film  of  aluminum  oxide-  on  the  surface.  This  film 
was  left  as  a residue-  fr-om  the-  polisliing  and  was  removed  by  the  irradiation. 

To  determine  if  this  film  plays  any  role  in  the  measure-ment  of  surface- 
reflectivity,  we  will  caarry  eiut  future  me-asurements  with  target  surfaces 
pre-pai'ed  in  othe-r  ways  anel  polislu-d  with  other  compounds.  Thus,  we  will 
be-  able-  to  de-termine-  the-  pe)ssil)le  e-ffe-ct  of  the-  aluminum  on  the  enite-r  surface. 

The-  se-ceenel  te-e;lin ique-  ff)f  surface-  char-acte ri zatiein  inveilves  measuring  the 
spectral  fle-nsity  luncliem.  according  to  a method  firopose-d  by  Steiver^'^' 

The  spe-edr-al  de-nsity  functie>n  is  a mathenratical  characterizatiein  based  on 
the}  conce-pt  e>f  Four  ier  composition.  If  the  displacement.  Z,  e>f  the  surface 
from  its  mean  peesition  is  give-n  by  Z(X),  wliere-  X is  Ihe-  transverse  coordinate, 
erne  may  e-xpress  Z(X)  as  a l-'e)urier  se-ries: 


7AX)  = a.  sin  (2tt  f.X  +0.) 

i ' ' ' 

wiiore  a.  and  0.  represent  the  amplitude  and  phase,  respectively,  relevant 

1 1 9 

to  frequency  f- . The  spectral  density  function,  tlien,  is  proportional  to  a“ 

Measurements  of  the  laser  lif^lit  diffusely  scattc-red  from  the'  surface  as  a 
function  of  scattei’ing  anf^U'  can  he  used  to  ftieasure  ttu'  spectral  density 
function.  A schematic  diagr-am  of  the  apparatus  used  for  this  measurement 
is  shown  in  Phgure  III-4.  T.ight  is  incident  on  the  surface  at  an  angle  a from 
the  surface  normal.  Tlic'  scattei’cd  light  is  measured  as  a function  of  the 
angle  0.  by  r-otating  a detector  so  as  to  vary  0.  TIk'  spectral  density  function 
is  given  by; 


_ . 

4n“  P cos  0 cos  a 
o 


where'  is  the  dc'tecte'd  powe'r  nieasured  at  at^gle  0.  P^  is  the  peme'r  mea- 
sured at  the  spi'cular-  angle  and  V is  the^  wavc'length  of  the  light. 

VVe  set  u[)  appai'atus  as  shown  in  Pigurc;  111-4  and  measured  the  scattt'r-i'd 
light  as  a function  of  angle'  for  surface's  of  jntc're'st.  Diffe're'ut  type's  of 
surfaces  tundng  diffe're'tit  histories  showe-d  characte'i’istical ly  diffe're'Ut  signa- 
tures wh('n  the'  spectral  de'nsity  function  was  plotte'd  as  a function  of  ir-i'qu('ncy 
This  is  she'iwn  in  h'igure  111-5.  Unirradiateel  surface's  sheiw  functions  which 
have’  a pe>ak  at  the  S[)atial  freque’ncy  correspeuiding  to  the'  inv’e’rse  of  the 
diameti’r  of  the'  peilishing  g rit.  This  accenints  for  the’  pe>ak  which  is  heceiming 
apparent  at  a spatial  freiquency  of  1.  (i  inverse  micrometers.  This  was  the 
maximum  spatial  frequency  wliich  cenild  be  probed  with  tlie  heliurn-ncon  laser 
of  wavelength  0.  fi328  micreimeters  (Using  a helium-cadmium  laser  woulei 
have’  allowc'ei  me’asureime’nts  to  a higher  spatial  freque’ncy  ) On  lase'r- 
ii'raeliated  surface’s  this  peak  has  bee’ii  suppre’ssi’d.  indicating  that  lasi't- 
induced  melting  lias  smoothed  small  scratches  produced  by  the  polishing  .^n 
unirraeiiate’d  are’a  with  vertical  scratches  shows  a pronounced  peak  ne’ar  1 4 
inve’rse  micromeite’rs,  due’  to  the*  scratches. 
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l ipurn  IFT-f).  Mcasurecl  valu(?s  for  .spectral  density  function  (normalized) 
as  a function  of  spatial  frecjucncy,  for  various  surfaces. 
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Th.'  molting  and  flow  of  the  material  induced  by  the  laser  radiation  produces 
surfaces  with  irregularities  with  a scale  around  2 to  3 micrometers^^^  This 
increases  the  scattering  of  helium-neon  laser  light  relative  to  that  of  the 
longer  wavelength  CO,,  laser  light.  Thus,  our  reflectivity  measurements 
indicate  that  the  reflectivity  decreases  more  strongly  for  visible  light  than 
tor  C(>.,  laser  light.  This  is  consistent  with  the  measurements  in  h'igure 
ni-r>,  where  the  laser-irradiated  surface  shows  a relatively  high  value  of 
the  spectral  density  function  at  a spatial  frequency  of  less  than  1 inverse 
micrometer. 

In  summary,  measuring  the  spectral  density  function  of  the  scattered  light  ha 
proven  to  be  a valuable  tool  for’  probing  the  characteristics  of  the  target  sur- 
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SECTION  IV 

^ COUPLING  OF  LASER  ENERGY  TO  BLOWOFF  MATERTAI. 

In  a previous  roport^^^  we  described  measurements  of  the  coupling  of  laser 
energy  to  the  laser-produced  blowoff  material,  as  derived  fi'om  measure- 
I ments  in  our  time-of-flight  mass  spectrometer.  Data  were  presented  for  the 

[ distribution  of  energy  in  the  various  degrees  of  freedom  in  the  blowoff  mate- 

rial, including  the  kinetic  energy  of  expansion,  tlie  heat  of  vaporization 
required  to  produce  tlu'  f)bserved  amount  of  blowoff  material,  and  the  amount 
of  energy  needed  to  produce  the  observed  mixture  of  ionization  states.  The 
fraction  of  the  total  laser  energy  coupled  into  the  blowoff  was  (i  percent  when 
tlie  laser  was  operated  with  nitrogen  on  and  4.  2 percent  when  the  laser  was 
operated  with  nitrogen  off.  We  have  now  obtained  data  giving  the  variation 
of  these  numbers  witli  laser  power  density.  These  data  are  presented  in 
I’igure  IV-1,  whicli  gives  the  fraction  fif  tlu'  incident  laser  energy  carried 
away  by  the  blowoff  as  a function  of  laser  power  density,  for  an  aluminum 
target  The  fraction  is  higher  for  the  longer  pulse,  implying  that  absorption 
in  the  blowoff  material  continues  during  the  lower-  ptiwcr  tail  of  the  pulse. 
These  results  show  that  even  for  the  low  ambient  air  pressures  in  the  time- 
of-flight  mass  spectrom('t(’r,  there  is  a significant  absorption  of  laser  energy 
in  the  blowoff  material.  The  fraction  of  the  total  energy  absorbed  in  the 
blowoff  material  is  consistent  with  values  measured  for  transmission  of  the 
blowoff  material  at  low  ambient  air  pressure^'^\ 

Thus,  wo  have  obtained  values  for  the  energy  required  to  produce  the  blow- 
off  material  in  its  observed  state.  Wo  have  found  that  the  largest  contributor 
is  the  kinetic  energy  of  expansion,  and  that  the  total  amount  of  energy  is  just 
a few  percent  of  the  energy  delivered  by  the  laser.  Some  fraction  of  the 
energy  remains  within  the  sample  as  thermal  energy  which  increases  the 
sample  tempc'rature , and  the  remainder  is  reflected,  cither  diffusely  or 
specularly.  These  measurements  are  important  for  determining  the  total 
partition  of  the  energy  delivered  by  the  laser  to  the  target  surface. 

Th'se  results  hav('  been  submitb'd  for  publication  to  Applied  Physics  Letters. 

40 


< . 


I 


POWER  DENSITY  ( MEGAWATT /CnF  ) 


I'iguri,'  IV- 1.  I'rartion  of  incirlmt  laser  energy  carried  away  by  blowoff 
material,  as  r function  of  laser  power  density. 


SECTION  V 
REFEECTIVITY 


Only  one  measurement  relative  to  the  effeet  of  laser  irradiation  on  target 
reflectivity  was  performed  during  this  contract  period.  This  consisted  of 
measuring  the  change  in  specular  reflectivity  produced  by  two  pulses,  with 
variable  interpulse  times.  These  measurements  were  taken  relative  to  the 

permanent  change  in  si)ecular  reflectivity  produced  by  the  laser  irradiation. 

(2) 

They  were  measured  by  the  method  described  previously  using  a helium- 
neon  laser  as  a probing  beam.  Measurements  were  carried  out  in  ambiemt 
air  under  conditions  where  the  specular  reflectivity  at  0.G328  /jm  was 
considerably  reduced  by  one  single  laser  shot.  Fhe  results  arc  shown 
in  FTgure  V-1.  Wdiat  is  j^resented  is  the  si>ccular  reflectivity  after  a serii's 
of  two  laser  shots  at  the  indicated  interpulse  time.  The  results  are  nor- 
malized to  the  initial  v'alue  as  unity.  I’or  a laser  power  density  of  1.2  x 10*^ 

9 

w/cm",  the  reflectivity  is  reduc('d  to  around  15  percent  of  its  pre-irradiation 
value  by  the  series  of  two  shots.  Thus,  each  data  point  i-eprescnts  the  final 
reflectivity  after  thc'  two  shots  have  been  delivered.  The  data  have  some 
scatter,  but  indicate  no  SNslematic  dependence  of  the  final  reflcctivilv  on 
interpulse  time',  down  to  approximately  20  milliseconds.  This  result  is 
difficult  to  reconcile  with  the  result  shown  in  I'igure  11-8.  in  which  significant 
effects  were  observed  for  intcrpulse  times  of  70  milliseconds.  If  thc  (’arlier 
results  (I'hgure  11-8)  are  caused  bv  absorption  of  laser  light  in  blowoff  mate- 
rial remaining  from  the  first  shot,  it  is  difficult  to  understand  the  indepen- 
dence of  the  final  reflectivity  on  interpulse  time. 

The  minimum  interjiulse  time  of  20  milliseconds  could  be  obtained  only  i>n  a 
few  shots.  Most  of  the  data  was  taken  at  interpulsc  times  of  80  milliseconds 
or  greater.  When  the  data  in  ITgure  11-8  were  obtained,  w'e  could  not  produce 
pairs  of  pulses  of  equal  amplitude  with  an  interpulse  time  of  less  than 
70  milliseconds.  As  with  the  other  data,  only  pairs  of  pulses  of  equal  ampli- 
tude were  accepted. 
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function  of  inter-pulse  time. 


Continued  work  in  this  area  will  involve  using  two  TEA  lasers  which  can  be 
pulsed  independently  at  times  variable  down  into  the  microsecond  regime. 

We  anticipate  that  the  apparent  discrepancy  between  l-’igure  \'-l  and  Figure 
11-8  can  be  resolved  with  more  measurements  at  shorter  interpulse  times. 

Our  previous  results  on  measurements  of  time-resolved  reflectivity  have 
led  us  to  a simple  method  of  extending  the  measurements  on  specular  reflec- 
tivity to  include  both  specular  reflectivity  and  diffuse  reflectivity  measure- 
ments. We  noted  that  non-ti me-resolved  measurememts  of  specular  and 

diffuse  reflectivity  and  absorptivity  after  the  end  of  the  laser  jiulsc'  added  lo 

(2)  . . 

unity.  This,  of  course,  is  iruc'  througliout  the  pulse  but  the  conclusion 
is  that  our  measuring  techniques  liave  sufficient  ci'edibility  to  measure  two 
of  the  three  parameters  on  a time-resolved  basis  and  to  demive  the  third  b\ 
subtraction  from  unity.  Accordingly,  we  are  sotting  up  instrumentation  to 
extend  the  previous  measurements  on  s[)ecular  reflectivity.  The  extension 
involves  using  an  integrating  ellipsoidal  mirror.  I he  ellipsoidal  mirror 
collects  all  tlu'  probing  liglit  refb'cted  from  the  targi'l  and  thus  allows  time- 
resolved  measurements  of  total  rc-flectivi tv. 

In  this  experiment  the  sam])l('  and  the  deti'ctor  are  placed  at  two  foci  of  the 
ellipsoid.  As  is  w('ll  known,  a light  ray  passing  from  one  focus  of  an  ellip- 
soid will  reach  the  other  focus  regardle.ss  of  direction  of  travel.  Tims,  the 
profile  of  the  probing  beam  on  the  target  is  re-imaged  on  the  dc'tector.  .All 
the  diffusely  scattered  probe  i-adiation  rcaclu's  the  detector,  regardless  of 
the  direction  at  which  it  leaves  the  target  surface.  I hus.  diffusidv  reflected 
radiation  can  be  collected  and  measured  with  a high  frequency  detector. 

The  ellipsoidal  mirror  has  the  advauiagc  over  a hemispherical  mirror  of 

reduced  image  size  and  conveniently  large  spatial  separation  of  sample  and 
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detector.  Separation  of  components  is  important  for  accommodating 
suitable  mounts  for  the  target  and  the  detector. 


Small  changes  in  the  configuration  of  this  experiment  will  allow  us  to  measure 
either  specular,  total  or  diffuse  reflectivity  on  a time-resolved  basis.  The 
total  reflectivity  can  be  measured  on  a time-resolved  basis  if  the  probe 
beam  is  incident  on  the  target  surface  at  a small  angle  from  the  surface 
normal.  Then  the  specularly  reflected  beam  will  reach  the  detector,  along 
with  diffusely  scattered  light.  If  a small  opaque  beam  stop  is  inserted  in 
front  of  the  detector  with  a small  aperture  through  which  the  specularly 
reflected  beam  can  [)ass,  we  can  obtain  measurements  of  the  specular  reflec- 
tivity, similar  to  our  earlier  results. 

If  the  probe  beam  strikes  the  target  along  the  normal  to  the  target  surface, 
specularly  reflected  light  will  be  directed  back  out  the  entrance  hole  in  the 
ellipse  and  will  not  reach  the  detector.  In  this  configuration  the  detector  will 
see  only  diffusely  scattered  light.  Thus,  we  can  measure  time-resolved 
diffuse  reflectivity  sep:irat(Ty  during  irradiation. 

The  ellipsoid  is  cast  of  aluminum-fi  lied  epoxy  and  has  a coating  of  vacuum- 
deposited  aluminum.  The  major  and  minor  axes  are  24.  85  and  2 3.  85  cm, 
respectively,  and  the  separation  between  foci  is  7 cm.  This  allows  adequate 
room  for  mounting  the  target  and  detector. 

The  two  laser  beams  entei'  the  ellipse'  through  a hole  in  the  mirror  wall. 

Knowing  the  size  of  the  image  is  im])ortant,  because  the  engrance  aperture 

of  the  detector  must  be  large  enough  to  admit  all  the  image  flux.  For  an 

ellipsoid,  the  magnification  is  fixed  bv  the  length  of  the  semi- major  axis  and 

the  separation  of  the  foci.  Hy  keeping  the  irradiated  area  on  the  target  small 

and  centered  on  one  focus,  the  image  size  is  small  and  collection  loss  is 
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minimizi'd.  Image  sizes  of  the  order  of  1 millimeter  can  be  obtained.  ' 

('alibration  is  needed  to  establish  the  magnitude  of  flux  loss  from  the  ellip- 
soid. Fosses  can  be  expi'cted  from  flux  being  reflected  out  the  entrance  hole 
and  from  absorption  in  scattering  at  the'  mirror  surface.  The  mirror 
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efficiency  usefully  expresses  the  loss.  Efficiency  is  the  ratio  of  detected 
V signal  with  and  without  the  ellipsoid.  The  signal  with  the  ellipsoid  is  olitained 

by  bringing  flux  into  a standard  reflection  target  at  one  focus  wliile  tlie 
detector  is  at  the  other  focus.  The  signal  without  the  ellipsoid  is  measured 

l)v  removing  the  standard  target  and  placing  the  detector  in  the  target  position.  , 

The  ratio  of  signals  so  obtained  is  unity  for  a perfect  ellipsoid  and  less  than 
unity  for  a real  ellipsoid. 

Calibration  is  also  possible  by  comparison  with  static  values  for  total  specular 
and  diffuse  reflectivitv  for  the  same  surfaces.  These  quantities  can  be  deter- 
mined by  the  methods  used  in  previous  measurements,  that  is,  integrating  ' 

spheres  and  calori  nu'tric  methods.  ' 

To  be  able  to  carrv  out  measurements  as  a function  of  ambient  air  [iri'ssure, 
a vacuum  station  has  lu'cn  constructed  for  the  elli(isoid.  A bell  jar  will  eom- 
pletelv  contain  the  ellipsoid,  target  and  detector.  The  target  mount  will 
allow  remote  movement  of  a target  through  a vacuum  bellows  ass<nnbl\,  so 
that  a new  area  t)ii  the  target  can  be  [^resented  foi'  successive  lasei-  shots. 

Measurements  with  this  apj^aratus  will  allow  us  to  ol)tain  the  ti  me- resolved 
coupling  of  laser  energy  into  the  target  surface.  The  construction  of  the 
apparatus  has  beim  completed  and  we  anticipate  that  initial  measurcmients 
using  this  system  will  b('  carried  out  iit  the  near  future. 
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SECTION  VI 

CONCLUSION  AND  FUTURE  PLANS 


This  report  has  described  several  experimental  accomplishments,  in  which 
we  have  used  a pulsed  CO.,  TEA  laser  to  gather  data  on  the  interaction  of  hi[fh 
power  lasi'r  radiation  with  targiR  materials. 

Much  of  ihe  report  has  been  concerned  with  measuring  the  pressure  pulse 
ci>upled  into  the  larcet.  Specific  results  are; 

• New  data  on  laser- induci’d  pressure  as  a function  of 
coiuiitions  of  iri’adiation 

• Support  of  a pi-eviouslv  developed  model  liv  the  experimental 
data 


• Identification  of  the  role  of  the  laser-supported  absorption 
wave  in  transmitting  shock  pressure  to  solid  targets 

• truant itative  results  foi'  shock  pressures  in  alkali  halide 
window  matm’ials 

• RiTation  between  shock  pressuri'  and  damage  m alkali  halides 

In  addition,  we  have  described  new  results  related  to  characterization  of 
target  surfaces  by  Auger  spectroscopy  and  by  surface  scattering  measure- 
ments. We  have  determined  the  fraction  of  incident  laser  energy  coupled 
into  the  blowoff  material,  as  a function  of  laser  ]xnver  density. 
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Ii  . Some  unresolved  issues  remain  to  be  dealt  with  in  future  work.  The  effect 

of  variable  interpulse  time  on  our  results  is  a prime  remaininj^  issue,  as 

1 described  in  Section  II. 

1 

t Our  future  plans  include  the  following  items: 

1 

i • Measuring  diffuse  reflectivity  and  specular  reflectivity  as  a 

[ function  of  time  during  irradiation,  using  the  integrating  ellip- 

I soid  di'scrilicd  in  Section  V . These  measurements  will  be 

I carried  out  as  a function  of  ambient  air  pressure,  laser  power 

? density,  probing  laser  wavelength  and  intcmjjulsc  ti  me.  We 

I will  use  the  results  to  obtain  the  absorptivity  as  a function  of 

^ time  and  thus  to  derive  the  laser  power  actually  absorbed  by 

the  target  surface  as  a function  of  time. 


• We  will  cxtimd  the  measurements  on  enhanced  thermal  coupling 
by  borrowing  a second  TE.A  laser  and  measuring  the  effect  of 
two  successive  lasi^r  pulses  as  a function  of  interpulse  time  in 
time  regime  of  tens  of  microseconds. 

• We  will  carry  out  measurements  on  carefully  characterized 
target  surfaces  prepared  by  differmit  techniques  in  oi-der  to 
determine  the  influence  of  surface  characteristics  on  the 
observed  results.  The  characterization  will  employ  the  tech- 
niques described  in  Section  III.  The  effect  of  target  surface 
oxidation  will  also  be  investigated.  This  will  be  carried  out 
by  irradiating  targets  in  a furnace,  with  the  samples  being 
held  at  elevated  temperatures  for  varying  lengths  of  time 
prior  to  irradiation.  The  amount  of  oxidation  will  be  moni- 
tored by  Auger  spectroscopy. 
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